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A B S T R A C T
A comprehensive understanding of how spatial variation across landscapes regulates local abundances
and species richness also needs to consider possible temporal changes in such relationships. In many
tropical areas, the contrast between dry and rainy season is pronounced and the types and distributions
of the main ﬂoral resources differ (herbs vs trees). This shift in resources could result in different
pollinator abundances, species richness and trait compositions between seasons, as well as in how these
components are spatially distributed. We compared the bee species composition between dry and rainy
season in an agricultural mosaic landscape in southwestern Ethiopia, and analyzed it in relation to forest
cover. We sampled bees for 67 days in the dry season and 86 days in the rainy seasonwith pan and vane
traps in 28 homegardens covering a gradient from low to high tree cover in the surrounding area. We
found a clear shift in species composition between seasons, with more small bee species and more
below-ground nesting bees in the rainy season compared to the dry season. The distribution of height at
which the bees were foraging shifted between seasons with a higher proportion of the bees foraging at
tree level in the dry season. Bee abundance and richness were generally positively affected by higher
forest cover surrounding the homegardens, but there were no clear interaction effects between seasons,
in contrast to our hypothesis. The clear turnover in species composition between seasons and the positive
effect of forest cover show that mechanisms acting both at spatial and temporal scales are important in
regulating local bee communities.
ã 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Landscape composition and complexity are repeatedly found to
affect the local number of species and their abundances across
agricultural landscapes (Benton et al., 2003; Tscharntke et al.,
2012; Shackelford et al., 2013). However, conditions across
landscapes change over the season, affecting spatial patterns of
species richness, density and population performance (Tylianakis
et al., 2005; Miguet et al., 2013; Riedinger et al., 2014). This change
is especially relevant for short-lived organisms such as insects.
Several studies on the interaction between spatial and temporal
drivers have focused on between-year patterns (e.g. Thies et al.,
2008; Zhao et al., 2013), while studies on intra-annual patterns
have mainly focused on the effects of mass ﬂowering crops (e.g.
Kovacs-Hostyanszki et al., 2013). There are very few studies
conducted during longer time periods across a year that directly
target whether land-use composition have differing impacts on
species communities in different seasons (but see Tylianakis et al.,
2005). This question is especially interesting in tropical areas
where there is a high activity of most species groups throughout
the year, despite seasonal variation in precipitation and tempera-
ture. In this study, we examined the interactive effect of rainy and
dry season and forest cover on bee species composition in a
tropical agro-ecological landscape in southwestern Ethiopia.
Bees are recognized as important pollinators for both crops and
wild plants worldwide (Klein et al., 2007; Potts et al., 2010). In an
agricultural system, a higher bee diversity often provides more
stable and effective pollination services, resulting in higher and
more stable yields (Klein et al., 2003a; Hoehn et al., 2008; Garibaldi
et al., 2011). Bees depend on food and nesting resources for survival
and reproduction, and a higher diversity and abundance of these
resources generally corresponds to higher bee diversity and
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abundance (Potts et al., 2003, 2005; Grundel et al., 2010). However,
depending on region and species traits, bees respond differently to
different habitats and at different spatial scales. A worldwide
meta-analysis found, when evaluating nesting traits, that above-
ground nesters (honeybees excluded) respond more negatively to
isolation from natural or semi-natural habitats compared to
below-ground nesters (Williams et al., 2010). In another study,
pollinator visitation rates on crops decreased faster with distance
from natural/semi-natural habitats in tropical compared to
temperate regions, and also slightly faster for social than for
solitary bees (Ricketts et al., 2008). In tropical agro-ecosystems,
vicinity to indigenous forest is often found to have a positive
impact on bee abundance and diversity (Klein et al., 2003b;
Ricketts, 2004; Brosi et al., 2008; Gemmill-Herren and Ochieng,
2008), which may not always be the case in temperate regions
(Winfree et al., 2007). Nearby forests may have a more positive
effect on pollinators in the tropics since tropical forests provide
more resources in terms of nectar and pollen when compared to
forests in temperate regions that tend to be more dominated by
wind-pollinated tree species (Ollerton et al., 2011). A higher
proportion of tropical bee species may also depend on forest
habitats for nest construction (e.g. using resins, tree cavities)
(Michener, 2007). On the other hand, the importance of forest
habitat to bees may not be the same in all tropical areas. A study by
Hagen and Kraemer (2010) from western Kenya suggested that
structurally rich farmland supports bee communities in the natural
forest rather than the opposite. Moreover, Brosi et al. (2007) found
no effect of distance from forest on bee diversity or abundance in
Costa Rica. However, they found a strong shift in bee community
composition, with more native sting-less bees close to forest and a
higher abundance of exotic honeybees in areas far from forests
(Brosi et al., 2007).
Bee species composition generally changes over a year
(Heithaus, 1979; Oertli et al., 2005). Some species have very short
ﬂight periods and some species have longer ones. For example,
whereas many solitary bee species have short ﬂight periods and
differ in their time of emergence,many social bee species are active
throughout the year (Heithaus, 1979; Michener, 2007). Precisely
when speciﬁc bee species are active and able to reproduce depends
on factors such as the availability of food resources and local
climate (Richards and Packer, 1995; Williams and Kremen, 2007;
Forrest and Thomson, 2011; Frund et al., 2013). Tropical regions
have more stable temperatures compared to temperate regions
during a year, but precipitation can vary substantially, leading to
large changes in the appearance of the landscapes and the
resources available for bees. In Ethiopia in north-east Africa, the
low precipitation during the dry season in addition to high grazing
pressure results in dry, dusty landscapes. Drought and grazing
reduces the number of ﬂowering herbaceous plants at ground
level, resulting in few available resources of nectar and pollen.
However, many trees and fruit trees have their main ﬂowering
period at some point during the dry season, which in the
agricultural landscape as well as in forests provide abundant but
patchy food resources for nectar and pollen-feeding insects, at tree
level (Fichtl and Adi, 1994). In contrast, during and directly
following the rainy season the agricultural landscape is generally
green and ﬂourishing, with a high diversity of ﬂowering
herbaceous plants and annual crops (Fichtl and Adi, 1994). Since
both the main food resource (trees and herbaceous plants) and its
spatial distribution differ between dry and rainy seasons, a shift in
the bee community and bee traitsmay be expected. For example, to
utilize the patchy resources ﬂowering trees provide in the dry
seasons, highmobility may be advantageous. Since ﬂight distances
for bees are strongly correlated with size and especially inter-
tegula distance (Greenleaf et al., 2007), it could be expected that
larger species have an advantage and therefore are more common
during the dry season.
Our study was conducted in a heterogeneous agricultural
landscape in southwestern Ethiopia. The distance to larger forest
blocks is seldom more than a few kilometers. However, on a local
scale, the amount of forested areas varies. As in other parts of
Ethiopia, the contrast between dry and rainy seasons is very
pronounced. We had two overall aims with our study. First, we
evaluated how the bee-community composition changes between
dry and rainy season and whether this change is linked to species
traits such as size (mobility) and nesting requirements. In addition
to that, we investigated whether bees forage at different heights in
the different seasons by using traps at both ground and tree level.
Second, we assessed how the spatial variation in bee abundance,
species richness and composition are affected by the amount of
forest in the surrounding area and if the relationship differs
between the dry and rainy seasons. We hypothesized that if food
resources provide the main limiting factor for the bees, the forest
should have the highest impact on bees in the dry season when
most trees are ﬂowering. On the other hand, if nesting resources is
the main limiting factor, we hypothesize that forest structures
should have the highest impact on bees in the rainy season, since
wood provides above-ground nesting opportunities when below-
ground nesting may be unfavorable due to the soil being wet.
Furthermore, we evaluated whether the amount of forest in the
surrounding affects bees on different spatial scales in the different
seasons, which could be expected if species with different
mobilities are active in different seasons.
[(Fig._1)TD$FIG]
Fig. 1. Our study landscape in southwestern Ethiopia. The black squares denote the positions of the 28 homegardens where we passively collected bees with vane and pan
traps. The gray areas in the landscape ﬁgure are forested areas and white areas are open land (e.g. agricultural land, grasslands, wetlands).
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2. Method
2.1. Study landscape
Our study landscape is located in the southwestern part of
Ethiopia in GeraWoreda, at altitudes between 1900 and 2100m a.s.
l. The landscape is composed of agricultural ﬁelds, grasslands,
wooded areas (often including coffee) and homegardens inter-
spersed throughout the landscape (Lemessa et al., 2013). Live
fences, composed of tree or shrub lines, border homegardens and
many of the smaller ﬁelds, and scattered single trees are found in
most open habitats (Ango et al., 2014). The heterogeneous
agricultural landscape is more or less surrounded by moist
afromontane forests (Fig. 1). The annual precipitation varies
between 1480 and 2150mm (Ethiopian National Meteorological
Services Agency, unpubl. document). However, the amount of
precipitation varies substantially over the year, with most rainfall
between June and September (rainy season), and the driestmonths
are between December and February (dry season). In the dry
season, especially toward the end, there are only a few herbs
ﬂowering. However, coffee, fruit trees such as mango and papaya,
and most native trees, such as Cordia africana,Millettia ferruginea,
Albizia gummifera and Schefﬂera abyssinica, have their main
ﬂowering period in the dry season (Fichtl and Adi, 1994). Most
annual crops and herbaceous plants ﬂower during and following
the rainy season (Fichtl and Adi, 1994).
Honey production is common in the landscape and to a large
extent relies on native semi-wild honeybees, Apis mellifera, that
swarm and colonize traditional beehives (Ango et al., 2014). The
traditional beehives are made from split, carved logs, tied together
and tied to branches in trees. The honeybee is the only bee species
used for honey production; however, honey hunting from stingless
bees (Meliponula) occurs. Honeybees are thus the only bee species
deliberately promoted in the area and their density and occurrence
are probably linked to the distribution of beehives, since natural
nesting sites are scarce in the agricultural landscape. The main
perennial crops grown are coffee (Coffea arabica), the stimulant
perennial plant khat (Catha edulis) and a variety of fruit trees.
Coffee production is widespread and the common management
practice is shade-grown coffee. Consequently, different sizes of
wooded areas with shade trees and coffee are found scattered in
the agricultural matrix (Samnegård et al., 2014). Khat, on the other
hand, is grown in full sun. The main annual crops found in the
landscape are maize, sorghum, teff, wheat, barley, ﬁeld beans and
other pulses, and oil crops (Lemessa et al., 2013). Vegetables, root
crops and different kinds of fruit trees are mainly found in
homegardens. The farming system is subsistence-based and small
scale with low inputs of agrochemicals.
2.2. Site selection
Pan and vane trapswere used for our bee survey.We cooperated
with 28 households and placed our traps on their homegarden
properties. Sites were pre-selected from satellite images in Google
Earth (accessed 2012-01-13), and ﬁnally selected after a ground
survey that included an agreement with the homegarden owners.
The homegardens were selected to cover a gradient from low to
high tree cover in and around the homegardens and were spread
over the study landscape. The shortest distance between the main
houses in the different homegardens was 250m, and the longest
distance (between the endpoints) was 17.6 km (Fig. 1).
2.3. Local survey
The local plant community could affect the bee community
both regarding food resources and nesting sites. Therefore we
collected plant species data in the hectare surrounding the main
house of the homegarden to be used as co-variates. We identiﬁed
all trees (>10 cm at breast height, dbh) and made surveys of
ﬂowering plants twice per season. We surveyed the abundance of
ﬂowering herbs, shrubs and trees in three categories
(3 >1000 ﬂowers; 2 = 100–1000 ﬂowers; 1 = 10–100 ﬂowers) in
the dry season, and in two categories in the rainy season
(3 >1000 ﬂowers; 2 = 100–1000 ﬂowers) when ﬂowering plants
were very abundant. We deﬁned ﬂoral richness as the mean
number of species found in the two surveys per season. For ﬂoral
abundance we used the mean of the two surveys per season for
each season separately. We translated the category values given to
each ﬂowering species to an estimated number of ﬂowers
(1 =50 ﬂowers, 2 =500 ﬂowers and 3=5000 ﬂowers) and
summarized it for each survey within each homegarden. The area
of annual and perennial cropland was also noted. The variables
measured or collected within the homegarden area (100100m)
are referred to as local variables.
2.4. Insect survey
We collected insects in each homegarden with 2 yellow vane
traps and three pan traps, one of each color: blue, yellow and
white (lillkåsan 4dL, www.akitafritid.se). All traps were sprayed
with ﬂuorescent spray paint (Sparvar, Leuchtfarbe) in their
respective color to increase their attractiveness to bees (Westphal
et al., 2008). Pan trapping is recommended in long-term and
large-scale pollinator monitoring schemes, since the sampling is
not biased by the experience of the surveyor and it is highly
efﬁcient at sampling the majority of the bee fauna (Westphal
et al., 2008). Van traps are not as commonly used as pan traps, but
has been found to be affective in attracting bees (Stephen and Rao,
2005; Kimoto et al., 2012; Geroff et al., 2014). Unlike pan traps,
vane traps can be hanged in trees and are therefore more
protected from destruction and may capture bees foraging at tree
level.
The vane traps were hung in trees or fences 1–2m above
ground. Pan traps were placed in unshaded sites a couple of cm
above the ground in a ﬁeld more or less protected from livestock,
mostly in khat-ﬁelds. However, in many homegardens a fence
around each pan trap was needed to protect them from
destruction, especially in the dry season when livestock were
attracted to the liquid in the traps. The pan traps were placed in
the same ﬁeld and separated by at least 5m; however, their
position may have changed between seasons because of changed
conditions (i.e. shading crops). The vane traps were hung in the
homegardens, with the aim of ﬁnding the sunniest spot and
separating the traps from each other. Both vane and pan traps
were ﬁlled with salty water (100 g salt per liter water) with a drop
of soap. Salt was used as a preservative and soap to reduce the
water surface tension.
For insect collection in the dry season, we established traps in
the homegardens between 3 and 18-Feb-2012 and the traps stayed
in the homegardens continuously for 676 days. In the rainy
season, we established the traps between 3 and 8-Aug-2012 and
the traps stayed in the homegardens for 861 day. The pan traps
were drilled with two holes near the edge of the cup before the
second collection to reduce ﬂooding of the traps. During the dry
season and from September onwards, traps were emptied of
insects and reﬁlled with salty water three times a week. In August,
the traps were emptied and reﬁlled twice a week. All insects
(>2mm) in the traps were collected and stored in alcohol. The
collected insects were sorted in the lab and the bees were
identiﬁed to species or morphospecies (Eardley et al., 2010; full
literature list in Appendix, Table A.1.).
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2.5. Landscape classiﬁcation
To investigate the impact of the surrounding land uses on bee
abundance and diversity, we classiﬁed a satellite image from the
study landscape into different land use classes. The program
ChorosLandCover 0.9.0.2 (Izolde and Choros Cognition Company
2012) was used to classify the satellite image (pan-sharpened high
resolution [0.5m] big world view2 satellite image [October–
November 2011, projected in UTM WGS 84]). ChorosLandCover
0.9.0.2 provides an unsupervised classiﬁcation method that in
addition to evaluating each pixels’ own value also takes into
account the values of the surrounding pixels, which makes it
possible to recognize combinations of pixel values as speciﬁc land
uses (i.e. classes). Conﬁgurable parameters in the program are
threshold values, initial classes and output classes. The threshold
value determines themaximumnumber of surrounding pixels that
is allowed to inﬂuence the ﬁnal classiﬁcation. The initial classes are
the number of classes the multispectral image data is reduced to
using an unsupervised k-mean clustering technique. Finally, the
output classes control the number of ﬁnal classes created by
analyzing the spatial context surrounding each individual pixel.
The spatial context is calculated by analyzing the distance
relationships between the initial classes created in the ﬁrst step.
The ﬁnal classiﬁcation is thus based on the proximity between the
initial classes inside a maximum area (the threshold value)
surrounding each individual pixel. We tried different threshold
values and in- and output classes to ﬁnd the optimal settings for
our speciﬁc aims given that satellite imageweused.We decided for
a threshold value of 400, and 25 initial classes and 18 output
classes. The 18 output classes were manually identiﬁed, through
comparisonwith the satellite image, and merged into four classes:
open area, forest, other wooded areas and others (houses, roads,
clouds) (Fig. 2). The land-use class forest was conservative and
underestimated the real amount of forest in the landscape,
therefore we also created the land-use class wooded areas which
was more broad. The wooded areas class also included other
wooded areas such as live fences, most perennial crops, shrubby
structures and single trees, in addition to forests. The class others
was not included in the analyses. Instead, the remaining land uses
were compensated for proportionally by the removed pixels so
that the total sumof pixelswas the same for all buffers (a necessary
step because we include area and not proportions in the modeling
framework). The classiﬁed images were imported into ArcGIS 10
(ESRI 2011). In ArcGIS, we did some minor modiﬁcations to a few
classiﬁed pictures, since some wet plowed ﬁelds had been
classiﬁed as forest. The different land uses included in the open
area class are often not static and can change between seasons. A
wetland ﬁeld could be used for annual crop production and
subsequently grazing land or fallow land, which makes more
detailed land use classiﬁcations difﬁcult.
We used the land-use variables forest and wooded areas to
investigate the relationship between the bee species richness/
abundance and the amount of forest/wooded area in the
surroundings. In temperate regions, wild bee (solitary as well as
all wild social bees) abundance and species richness have been
found to correlate with the amount of semi-natural habitats in the
surrounding landscape at radii of 250m or 750m depending on
landscape classiﬁcation method (Steffan-Dewenter et al., 2002) .
Many tropical bee species seem to be lessmobile ormore restricted
to their habitat compared to temperate bees (Ricketts et al., 2008).
Therefore, a radius of 700m surrounding each site do most likely
include the appropriate scale where bees perceive and interact
with their environment. Toweigh the contribution of land usewith
distance, we summed the area of the land use (forest resp. wooded
areas) in buffer bands surrounding each homegarden. We started
with a 50m radius circle, and then added a new band every 50m
until a radius of 700m was reached (i.e. 14 bands in total; Fig. 2).
We then calculated the land use variables as follows (Eq. (1)):
Land usei ¼
X14
j¼1
eadij  Aj
where a is a model parameter regulating the spatial scaling, dij is
the distance inmeters between the center of the homegarden i and
themiddle of buffer band j, and Aj is the total area of the land use of
interest (forest or wooded area) in buffer band j (cf. Hanski, 1999).
We tested four values of a, 0.01, 0.005, 0.001 and 0, going from
giving high weight only to the closest vicinity (a =0.01) to
summing the total forest area within 700 m (i.e. no weight,
a = 0) (Appendix, Fig. A.1). This exercise was done for forest and
wooded area separately, i.e. we have four weights for both land-use
variables.
2.6. Statistical analyses
All statistical analyses were computed with the statistical
software R 3.0.1 (R Development Core Team, 2013) where nothing
else is stated. Honeybeeswere omitted fromall analyses since their
occurrence and abundance may be more affected by man-made
provision of nests than landscape composition.
We compared the species compositions in the sites between
seasons with a multivariate ANOVA based on dissimilarity
matrices with Bray–Curtis distances (adonis, vegan package
(Oksanen et al., 2013). For the multivariate analyses, we omitted
one site from the rainy season data set since it only included one
individual (which is not meaningful to include in a multivariate
analysis); all other sites had 3 species. We illustrated the
dissimilarity in bee species composition between the home-
gardens in the two seasons by plotting ordination scores from a
nonmetric multidimensional scaling (NMDS) ordination based on
a Bray–Curtis distance matrix. We used the same procedure to
compare the genera composition. Moreover, we examined the
relationships between the species composition in each season
separately and the local and land use variables using separate
NMDS ordinations and the function envﬁt (Oksanen et al., 2013).
The signiﬁcance of the variables was assessed using permutation
tests (9999 permutations). To improve the quality of the
ordinations, the data was square root transformed and/or
[(Fig._2)TD$FIG]
Fig. 2. An example of a classiﬁed image with buffer bands up to 700m radius
surrounding the homegarden in the center (black square).
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submitted to Wisconsin double standardization when needed
(Oksanen et al., 2013).
To evaluate if there was a mobility (size) difference in the bees
between seasons we classiﬁed all the bees as either small or large
bees (Marini et al., 2013). As honeybees are known to be very
mobile (Schneider and Hall, 1997; Beekman and Ratnieks, 2000),
we used the size of the honeybee as the cut-off value for large bees.
The deﬁnition of a large bee was thus the same body length or
longer than a honeybee and the same or wider inter-tegula
distance. The rest of the bees were regarded as small bees
(Appendix, Table A.2). We used EstimateS (Colwell, 2013) to
produce individual-based accumulation curves for small and large
bees respectively, for pooled data for each season, that could be
used to compare total species richness of unequal sample sizes (i.e.
rarefaction down to the lowest number of individuals found in one
group). To evaluate if nesting traits differed between seasons, we
roughly deﬁned each bee species (with two exceptions) as either a
below- or above-ground nester, based on the general nesting
requirement of the genera and personal experience (C. Eardley;
Appendix, Table A.2). We then produced individual-based accu-
mulation curves for bees nesting above and below ground for each
season respectively, and compared the rareﬁed species numbers.
We evaluated whether bees forage at different heights in the
two seasons by analyzing the number of bees attracted to the pan
traps (at ground level) versus the vane traps (at tree level) with a
generalized linear mixedmodel, using the nlme-package (Pinheiro
et al., 2013). We included bee abundance (log10 +1) as response
variable, trap type, season and their interaction as ﬁxed factors and
site as a random factor.
We measured the spatial autocorrelation (with latitudinal and
longitudinal coordinates) in the data by calculatingMoran’s I, using
the ape-package (Paradis et al., 2004), for abundance and species
richness in both seasons separately. In the cases where spatial
autocorrelation was detected, longitudinal data was included in
later analyses of the data set, since the sites were distributed
mostly along an East–West gradient.
We analyzed if the variation in bee abundance and species
richness was related to land use variables and if there was an
interaction of this relationship with season, using the nlme-
package, with site as random variable. All sites were included in
these analyses. Because of low sampling size, we did not analyze
spatial variation in abundance or richness of subsets of the data
divided by traits. Preliminary analyses indicated that the land use
variable forest at the largest landscape scale (a= 0) explained most
of the variance. We therefore used forest as the landscape-scale
explanatory variable in both analyses (abundance and species
richness). The bee abundance was divided with the number of
sampling days in each site in each season, resulting in the response
variable bee sampled per day. To avoid simply comparing bee
abundances and richness between seasons, which is related to
sampling effort and sampling success, these two response
variables were standardized within each season (Eq. (2)):
x0n ¼
xn meanðXÞ
sdðXÞ
In the next step, seasons were analyzed separately to allow for
different weights on the forest/wooded area variables using
Generalized Linear Models (GLMs) with Gaussian distribution.
We compensated for the different number of sampling days in the
homegardens by calculating the number of bees collected per day
in each homegarden and multiply it by the number of sampling
days from the homegarden with shortest sampling period. The
response variable was transformed using the natural logarithms to
achieve a better model ﬁt. Since variations in bee abundance and
composition are often regulated by ﬂoral resources, potential
nesting sites (e.g. trees) and amount of semi-natural habitats we
included the following local variables in the full models: ﬂoral
abundance (assumed positive effect), number of trees (assumed
positive effect), and area of annual crops, including vegetables
(assumed negative effect). The land use variables forest or wooded
area were also included in the models. A full model was done for
each of the fourweights on the land use variables, resulting in eight
full models for each response variable. The longitudinal coordi-
nates was included in the cases where spatial autocorrelation had
been detected (see above). To evaluatewhich of theweighted land-
use variables provided the best ﬁt for the full model we compared
the Akaike’s Information Criterion (AIC) values. To account for the
fact that the weights on the land use variable should be considered
as an additional variable, we added a penalty of 2 for the models
including weights, i.e. to be regarded as a better model compared
with the unweighted model (a =0) the DAIC should exceed 2 (cf.
Johansson et al., 2011). Themodel with lowest AIC was selected for
further model simpliﬁcation. We simpliﬁed the models by using
the R function drop1, and deleted explanatory variables until the
AIC value no longer decreased. When we analyzed the species
richness of bees in the separate seasonswe used a similar approach
as for bee abundance. However, instead of including ﬂoral
abundance and number of trees as local explanatory variables,
we used ﬂoral richness and tree richness since they often are found
to correlate with bee richness, and the response variable was not
transformed. One sample from the rainy season was an extreme
outlier (an inexplicably high abundance and richness of 53 bees of
23 species), and the model assumptions could not be met in either
the total or the separate analyses when included. This data point
was therefore removed from the main analyses, however, we also
present the results including the outlier. For test statistics (p-
values) we used likelihood-ratio tests. Possible violations of model
assumptions were visually evaluated by plotting the residuals of
the models against each explanatory variable and the model’s
ﬁtted values.
3. Results
We sampled in total 795 bee individuals comprising 60 taxa in
the dry season and 411 bees comprising 67 taxa in the rainy season
(honeybees excluded). Of the total 93 taxa sampled, 30 taxa were
represented by only one specimen. Most species and individuals
were of the Halictidae family, and bees from the genera Seladonia,
Patellapis and Lasioglossumwhere the most numerous. Honeybees
were sampled in all homegardens in both seasons, with one
exception in the rainy season, represented by a total of 155 (range
1–17) individuals in the dry and 189 (range 0–20) individuals in the
rainy season. Honeybees are not further discussed.
3.1. Species composition
We found a clear turnover in both bee species and genera
composition between the dry and the rainy season (adonis species
level; F =9.13, p<0.001; adonis genera level; F = 12.88, p<0.001;
Fig. 3). Approximately two thirds (59/93) of the species were only
encountered in one of the seasons (Appendix, Table A.3). Even
some bee families seemed to be more common in one of the
seasons, for example Andrenidae were only sampled in the rainy
season, whereas most Megachilidae species where sampled in the
dry season (Appendix A, Table A.3). The bee species composition in
neither the rainy season nor the dry season were related to forest
cover in the surrounding landscape (envﬁt on NMDS ordination on
rainy and dry season data separately, three axes, stress = 0.16 and
0.17, respectively). However, the bee species composition in the dry
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season was associated with the local ﬂower diversity (p= 0.02),
where for example the species Tetralonia caudate Friese tended to
be associated with sites with low ﬂoral diversity and Xylocopa sp.
1 had mean scores indicating an association with high ﬂoral
diversity.
3.2. Species traits, ﬂight height and season
The total rareﬁed species richness was higher for small bee
species (smaller than honeybee) in the rainy season compared to
the dry season, as revealed by rarefaction of individual based
species accumulation curves (61 vs 38 rareﬁed species when
sampling 394 individuals at each seasons; Fig 4a). In contrast, the
total rareﬁed species richness of large bee species showed the
opposite tendency of higher richness in the dry compared to the
rainy season (12 vs 6 rareﬁed specieswhen sampling 20 individuals
at each seasons; Fig 4b). We found no difference in total rareﬁed
species richness of above- and below-ground nesting bee species
in the dry season (Fig. 5a). However, there was a higher species
richness of below-ground nesting bees in the rainy season (25 vs
12when sampling 51 individuals; Fig. 5b). In both seasons the total
abundance of below-ground nesting bees was higher than that of
above-ground nesting bees (dry season: 678 individuals nesting
below ground and 104 above ground; rainy season: 340 below
ground and 51 above ground).
More bees were attracted to the traps at tree height in the dry
season compared to the rainy season. This was revealed by the
interaction between the number of bees attracted to the different
trap types (pan and vane trap) and season (linear mixed model;
x2 = 50.6, p<0.001; Fig 6). In the dry season, 52% of the bees were
sampled with vane traps, whereas only 12% were sampled with
vane traps in the rainy season.
3.3. Land use and season
The abundance of sampled bees per homegarden varied from
4 to 78 individuals in the dry season and 1 to 53 in the rainy season.
The corresponding number of bee species was 3–14 in the dry
season and 1–23 taxa in the rainy season.
Abundance as well as species richness was positively related to
forest cover (a =0; p= 0.014 and p =0.0084, respectively, Fig. 7
(with outlier included: p =0.20 and p= 0.054, respectively)).
However, we found no signiﬁcant interaction between season
and forest cover for either bee abundance or species richness
(Fig. 7). When the seasons were analyzed separately it was only
species richness in the rainy season thatwas signiﬁcantly related to
forest cover (Table 1). However, both bee abundance in the rainy
season and bee species richness in the dry season showed a weak
tendency for the same pattern (Table 1). For all response variables,
the models including the forest variable without weight (a= 0), i.e.
the largest scale, resulted in the best ﬁtted models. The models
with the wooded area variable with highest weight (a = 0.01) had
the worst ﬁt.
4. Discussion
In this study, we demonstrated that the pan and vane trap
collected bee community displayed a strong temporal turnover
between the dry and rainy season in a tropical agro-ecological
landscape. The rainy season was the most species-rich, but many
species also showed a preference for, or were unique to, the dry
season. The turnover between seasonswas also reﬂected at generic
and to some extent at family level. We did not ﬁnd an interaction
between season and the relation between forest cover and local
bee richness or abundance, in spite of the large contrast between
the dry and rainy season in terms of insolation, moisture, type and
spatial distribution of resources. Even if there were no clear
difference in the relationship between forest cover and local
abundance and species richness of bees in the two seasons, the
[(Fig._4)TD$FIG]
Fig. 4. Rareﬁed species richness curves for (A) small and (B) big bee species in the different seasons based on the pooled data from all homegardens.
[(Fig._3)TD$FIG]
−0.5 0.0 0.5 1.0
−0.5
0.0
0.5
1.0
NMDS1
N
M
D
S2
Fig. 3. Nonmetric multidimensional scaling (NMDS) ordination of bee species
collected in the dry season (open triangles) and the rainy season (ﬁlled squares). The
stress value for the ordination was 0.19, and three dimensions were used of which
scores for two are shown here.
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shift in bee community composition between seasons was not
random. We found an indication for a shift in bee size between
seasons, withmore small bees (smaller than honeybee) in the rainy
season and a tendency for more large bee species in the dry season
(Fig. 4). Since the size of the bees is correlated with foraging range
(Greenleaf et al., 2007), we suggest that our result is related to the
change in the distribution of food resources between seasons.
Likewise, we found that there was a shift in the foraging height of
the bees between seasons as more bees were sampled at tree
height in the dry season. This ﬁnding is consistent with our
assumption that food resources from trees are more important in
the dry season.
In general, both bee abundance and species richness were
positively affected by increased forest cover, conﬁrming previous
results from tropical areas (e.g. Klein, 2009). However, the spatial
variation in the composition of the bee community was not found
to be related to surrounding forest cover indicating that the results
for richness and abundance was not due to the response of speciﬁc
species. The lack of a signiﬁcant interaction between forest cover
and season on richness and abundance indicated that the bees
were affected similarly by forest cover in both seasons. If food
resourceswere themain structuring factor, such an interactionwas
expected, since the forest probably provides themajority of its food
resources in the dry season. Similarly, we found no relationship
between the amount or richness of ﬂowering plants on the local
scale and bee abundance and species richness. Even though the
abundance and richness of bees was not found to be affected by
ﬂoral resources, the bee species composition in the dry seasons
was related to local plant diversity. Clear relationship between
local ﬂoral resources and bee abundance and richness has
generally been found in other studies (e.g. Grundel et al., 2010;
Hagen and Kraemer, 2010). The effectiveness of pan traps are
known to ﬂuctuate with the availability of ﬂowering plants, where
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Fig. 5. Rareﬁed species richness curves based on 1000 randomizations for below and above ground nesters in (A) dry season and (B) rainy season. Pooled data from all
homegardens were used.
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Fig. 7. (A) The bee species richness and (B) bee abundance in the rainy (ﬁlled circles) and dry season (open circles) in relation to forest cover in a 700m radii. The ﬁlled and
dotted lines illustrated the relationships for the dry and rainy season respectively. One outlier is removed from the rainy season data set.
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bees are more attracted to traps when there are few blooming
plants around (Wilson et al., 2008; Baum and Wallen, 2011). Our
trapping method may therefore not be suitable to evaluate local
effects of ﬂower resources. However, ﬂower resources as a variable
is still important to include in the statistical models to correct for
possibly confounding effects. Our results could neither support nor
reject the hypothesis that the availability of nesting places in
woody substrates above ground is a limiting factor for bees. Most
species were ground nesters in both seasons. The fact that we
found even more ground nesting species in the rainy season
suggests that high soil moisture is not problematic for these
species’ nest construction. It would be valuable to know more
about their speciﬁc nesting requirements in terms of for example
soil quality and the land-uses at their nesting sites. However, even
ifmany of the beeswe found do not construct their nests directly in
wood, there is a possibility that many species beneﬁt from a close
proximity to forests for wood-products (resins, wood to chew etc.)
or the more stable habitats with respect to temperature, micro-
climate and less trampling and anthropogenic disturbances (cf.
Michener, 2007; Williams et al., 2010).
The bees were not affected at different scales in the dry and
rainy seasons. The bestmodels for all response variables (in the dry,
rainy and merged datasets) included the unweighted (radius
700m) land use variable forest, which indicated that our largest
landscape scale had the strongest inﬂuence on the bees. We do not
believe that an even larger landscape scale would explain more of
the variation, since earlier studies have shown that similar or
smaller landscape scales correlate with wild bee abundance and
richness. Moreover, most sampled bee species in both dry and
rainy season were small, presumably reﬂecting short ﬂight ranges
(Steffan-Dewenter et al., 2002). A large variation in mobility
between species, particularly in the dry season, could conceal
responses to forest cover, since bees with different ﬂight ranges
perceive the landscape at different scales (i.e. Steffan-Dewenter
et al., 2002).
Despite our large sampling effort, our total sample of bees was
small, especially in the rainy season. We captured on average
0.084 bees per day per trap in the dry season, and 0.035 bees in the
rainy season. Even though the heavy rain in the rainy season
probably reduced the activity of bees and potentially splashed
insects out of the pan-traps, the low catch likely reﬂected low bee
abundances or low attraction to our traps. Interestingly, the pan
traps attracted similar numbers of bees in both seasons, whereas
the vane traps, which should not lose insects due to splashing,
were less effective in the rainy season. To put the numbers into
perspective, a study from central Hungary collected on average
2.8 bees per day in their yellow pan traps placed in winter cereal
ﬁelds during six weeks in May and June, and blue vane traps
attracted between 0.33 and 3.44 bees per hour, in the Zumwalt
Prairie Preserve in Oregon, U.S.A. (Kovacs-Hostyanszki et al., 2011;
Kimoto et al., 2012), which is more than 70 times higher than we
sampled during the rainy season. Studies from Europe and North
America have found that pan trapsmay undersample some species
groups and also large bodied species, but on the other hand be very
effective in sampling small bees (Westphal et al., 2008; Wilson
et al., 2008). How accurately bee abundance is represented with
pan trapping is also debated since traps are not sampling from a
deﬁned area (Westphal et al., 2008). Complementary census
methods like transect walks would help to evaluate the effective-
ness of our trapping method in this afro tropical context and
ascertain if the abundance of bees really are as low as it seems.
5. Conclusions
Even if we did not ﬁnd a strong interaction between season and
spatial variation in this study, we want to emphasize the
importance of being aware of such possibilities, since patterns
may vary between seasons (cf. Tylianakis et al., 2005; Persson and
Smith, 2013). For our system we found that the bee community
collected with pan and vane traps had a strong temporal response
with different species compositions in the dry and rainy seasons,
and different foraging heights and trait distributions between
seasons. There was variation in both body size distribution and the
used nesting substrate between bee species in the dry and rainy
seasons. The underlying mechanisms for this are largely unclear.
Irrespective of the mechanisms underlying trait distributions, our
study suggests that an increased forest cover beneﬁts bee
abundance and species richness, even in our very heterogeneous
agricultural study landscape. A high diversity of pollinators is
known to provide more stable and efﬁcient pollination of crops in
other landscapes (Klein et al., 2003a; Garibaldi et al., 2013), and we
assume it will have the same positive affect on agricultural
production in our study landscape. For both economic and
conservation purposes, it should be a high priority to conserve
Table 1
The effect of the landscape variable and local variables on (A) bee abundance and (B) bee species richness in dry and rainy season respectively. The variables not included in the
ﬁnal generalized linear models are indicated with “.” . The reported estimates and standard errors for each variable are standardized.
A Landscape variable No. trees Flower abundance Annual crops + vegetable Longitudinal coordinates
Dry season Forest a = 0 . . . .
P= 0.18
Est = 0.18
Std. error =0.13
Rainy season Forest a = 0
P= 0.078 (with outlier: P = 0.33)
. P= 0.14 P = 0.16 .
Est = 0.24 Est = 0.20 Est =0.19
Std. error =0.13 Std. error =0.14 Std. error = 0.13
B Landscape variable Tree div. Flower diversity Annual crops + vegetable Longitudinal coordinates
Dry season Forest a = 0 . . . .
P = 0.097
Est = 0.90
Std. error = 0.54
Rainy season Forest a = 0
P = 0.013 (with outlier: P= 0.21)
P = 0.052 . . .
Est = 1.92 Est =1.50
Std. error = 0.77 Std. error= 0.77
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habitats which contributes to a species-rich bee community. There
has been a reduction and simpliﬁcation of the forest cover in our
study landscape during the last 40 years (Hylander et al., 2013) and
further logging will probably have negative effects on bee
abundance and species richness. Reﬁned knowledge of drivers
of species compositional shifts over time and space and their
interactions is necessary to guide both conservation and manage-
ment for ecosystem services.
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